INTRODUCTION
Metallic coatings are produced for various purposes, and methods employed for testing their quality vary accordingly. Many tests have been developed in the past to determine the various properties of the coatings. Wear-resistance tests are commonly carried out on metallic deposits, plated specifically as a protection for the metal substrate against wear and erosion. A typical example is chromium plated on steel substrates.
No satisfactory method is available for testing the wear-resistance of the coatings. In most cases it is the hardness of the coating that is tested and not its abrasion (wear) resistance. These two mechanical properties have much in common, but are not identical. The scratch test, which also gives an idea as to the hardness of the film, is mostly used for measuring the wear-resistance of chromium coatings. Unfortunately, it cannot be USed for film of thicknesses above 100,Um. Furthermore these tests are mainly destructive and the physical processes involved are poorly understood.
In a recent work, we have measured the acoustic velocity of surface waves propagating on chromium coatings as a function of the Knoop hardness of the films [ 1] . The velocity of the surface wave was calculated from theory [2] using measured values of bulk longitudinal and transverse velocities. A plot of the calculated surface velocity for chromium as a function of its Knoop hardness value is shown in figure 1. Each data point corresponds to the average of 28 measurements on each sample, and the large error bars associated with some of the measurements are due to the nonuniformity of the coatings [3] . The chromium is electroplated inside the bore of a steel tube with an inside diameter of 120 mm, and a wall thickness of 25 mm. The thickness varies locally from a value of 0.5 mm to 0.7 mm, and its properties vary accordingly [4] . Unfortunately, the measurement of the surface acoustic velocity cannot be limited to a single frequency, as done in the pulse-echo mode in ref. I, and due to the variation in thickness of the coating, a broadband surface acoustic wave has to be employed, with selected frequencies utilized for measuring the velocity of the sound wave in the bulk and the coating [5] .
Laser ultrasonics is extremely useful for measuring surface properties. From surfacewave velocity measurements, information can be deducted about surface texture, residual stress, and the thickness and quality of coatings. Other researchers have investigated the potential application of laser ultrasonics to electroplated coating thickness measurement. In referred works, the coating-substrate arrangement presented sufficient acousticmismatch for the stimulation of guided waves in the coating. The main purpose for the utilization of laser ultrasonics has been to extend the range of applications of conventional ultrasonic techniques, in particular to overcome the limitations offered by the necessity of using couplants or other kind of contacts. Unfortunately, laserultrasonics has been limited by its sensitivity and ease of use on the optical-detection side.
In the application here presented, it is shown that the analysis of the laser generated dispersive surface wave could be used for the characterization of the chromium coatings electro-deposited on copper and steel substrates. Description of the system as well as experimental results are given. In the experiments, detection is performed with conventional contact piezoelectric transducers, while generation is obtained using a laser head located on a X-Y positioner. With this approach the advantages of laser generation are maintained, in particular the capability of generating acoustic waves in a wide frequency range without any contact, while there is no loss in sensitivity in the detection side. An optical interferometer, kindly loaned to us by Dr. Mignogna of the Naval Research Laboratory, was initially used to characterize our experimental setup [6] . Unfortunately, it was not possible to utilize the optical detection for studying the specimen of interest, and it was found that piezoelectric transducers were adequate.
LASER ULTRASONIC SYSTEM: EXPERIMENTAL SETUP AND PROCEDURES
The experimental setup used for the generation and detection of the surface acoustic waves is shown in figure 2 . It includes a computer controlled X-Y positioning system, a pulsed laser, a dual beam interferometer borrowed from Dr. Mignogna of N.R.L. and commercially available piezoelectric transducers. To generate the surface acoustic wave, a Q-switched polarized Nd: Y AG laser was used. A 4 nsec pulse is generated with a typical energy of 5 mJ. A photodiode is used to detect the pulse and trigger the digital oscilloscope used to acquire the ultrasonic waveforms. A high precision X-Y positioner was utilized to allow for accurate and repeatable movement of the laser with respect to the test specimens. A dual-beam Michelson interferometer was utilized to characterize the laser-generation on steel samples. An accurate description of the system is given in reference 6. Unfortunately, due to the nature of this interferometer, highly polished samples were needed. A typical detected pulse on a steel sample is shown in figure 3 . As it can be seen, the laser pulse generates a very sharp broad-band acoustic pulse, which has a flat spectrum up to 35 MHZ.
In order to test the specimen of interest, detection was thus accomplished using a small piezoelectric pinducer with an active area of 2.3 mm in diameter, or a longitudinal PZT on a plexiglass wedge. During the experiments, the transducers remained at a fixed position, while the position of the laser head was varied using the positioner. This approach has the advantage of keeping the coupling of the detection PZT constant, and still being able to scan the parts. The source-receiving distance is changed by moving the laser head on the positioner. A typical signal detected on a steel specimen is shown in figure 4 . Figure 3 Ultrasonic pulse detected using the interferometer described in ref. 6 .
A major concern of this work was in the ability of our system to detect the variation in acoustic velocity of the surface wave due to the presence of the chromium coating. From bulk wave measurements, the surface wave velocity of steel and chromium coatings was measured to be 3000 and 3300 m1sec, respectively. The effect of the presence of a coating of different acoustic velocity is to introduce a dispersive behavior in the Rayleigh wave propagation. The dispersive effect of a chromium coating on a copper substrate, which has a Rayleigh velocity of 2100 m1sec, was measured by Cielo et al [7] . In the reference, it was shown that the high frequency components of the initial pulse propagate at higher velocity, since the short wavelength tend to propagate mainly within the coating.
In order to verify our system, we originally tested a copper specimen on which chromium was electroplated. The size of the specimen is 30x70x5 mm, on which a coating of approximately 0.25 mm in thickness was electroplated. The experimental signal, detected using the piezoelectric transducer, is plotted in figure 5 . The dispersive effect of the coating is clear, as the higher frequency components arrive at earlier times. The expected variation in arrival time was large in this example due to the large difference in velocity between the coating and the substrate. For the chromium-steel specimen, this condition is not anymore valid, nevertheless a smaller dispersive effect is expected.
A similar steel substrate sample was also coated with chromium, and the obtained 14 experimental signal is given in figure 6 . Analogous to the copper sample, a dispersive effect is obtained, even though the source-receiver distance had to be increased, in order to visually observe the effect. From comparison with figure 4, it can be noted that the higher frequencies components of the signal seem to reflect a sort of reverberation in the coating, which does travel at higher speed than the substrate.
ANALYSIS OF THE EXPERIMENTAL SIGNALS
In order to evaluate the quality of the coating, the dispersion of the surface wave group velocity must be calculated from the experimental curves. Various filtering techniques have been used to obtain the time of arrival of the acoustic energy as a function of the acoustic frequency.
Time-frequency wavelet decomposition can be used for this purpose, where the square of the magnitude of the complex analytic wavelet transfonn defines, in the time and frequency domains, the envelope of the ultrasonic signal. and thus is optimal to calculate the true rate-of-arrival of the sound energy traveling along the surface [8] . Briefly, the wavelet transfonn W" (a,b) represents the output of a particular filter bank, whose passband filters are all constructed using a single mother wavelet function h(t) ..
For a fixed value of the scale a, the output Wo (a,b) = Woa (b) , is a filtered version of the input signal oCt). By choosing h(t) as a passband filter of gaussian shape and central frequency /", then the filter associated with a, has a central frequency f = /,/a.
Using a linear system approach to the ultrasonic measurement, the voltage detected by the optical interferometer is directly related to the normal surface displacement u(r,t) at position r. Thus we can deduce that the laser pulse is capable of generating a broad-band pulse with a flat response in the region 0.5 to 35 MHz, which is well beyond the range of our piezoelectric transducers. The signals recorded using the piezoelectric transducers show a ringing pattern associated with the frequency response of the transducer response. The detected voltage is thus expressed by the voltage oCt), which represents the convolution of u(r,t) with the transducer response d(t):
(1)
This equation indicates that the impulse response of the pinducer can alter the amplitude and the phase of the signal detected. Since we are interested only in measuring the group velocity, and thus the time of arrival of each frequency component. the surface displacement can be approximated by the following expression:
where A( r,f) represents the attenuation of the wave as a function of distance rand frequency f; and rlv represent the time needed for the wave to propagate from position 0 to r. Please note that the sound velocity v is a function of the frequency f for dispersive materials. Since the term A( r,j) only contributes to the amplitude of the displacement, it can be neglected in the following.
By measuring the ultrasonic signals in two different positions. r J and r 2 , and comparing the two wavelet transforms, the group delay 7:= (r 2 -rJ)/v, is easily obtained as a function of a and thus of the frequency f The surface velocity of the coating can be estimated from the dispersion curve obtained from the wavelet transform decomposition. For high frequencies (f> 4 MHZ) the acoustic wavelength is proportional to the coating thickness, thus the group delay at these frequencies yields the group surface velocity for the coating. The measurement for much smaller values of frequencies is used to calculate the substrate surface velocity which is extremely uniform from one sample to another, with variations less that 0.1 %, and can be used to verify the measurements.
A typical result for a steel sample is shown in figure 7 , where the time delay is plotted as a function of the source-receiver separation distance. Since the material is nondispersive, it was possible to measure the group delay also by using the experimental data, as shown as open circles in the figure. The crosses represent the output of the analysis, which more clearly matches the line fit. From this a velocity of 2955 m/sec was calculated.
APPLICATION TO CHROMIUM COATINGS
Using the experimental data in figures 4-6 and the computer analysis discussed in the previous section, it was possible to evaluate the Rayleigh velocity of the three materials 75.---------~----------_r------~~~------~--~--------_.~-------- under study. These values are: for the steel substrate, 2955 mlsec; for the copper substrate, 2120 mlsec; and for the chromium coating, 3340 mlsec, respectively. These values well match others in literature or measured using conventional pulse-echo ultrasonics.
Determination of Rayleigh Velocity on Gun Steel
The technique was thus applied to sections of steel tubes on which chromium had been electroplated. The laser was located on the X-Y positioner, and a curved wedge transducer was used for detection. Experimental signals obtained for two different source-receiver separation distances are shown in figure 8. For small separation distances it is very hard to separate in time the difference in arrival delay between different frequencies, but it is easier for larger distances.
The surface velocity for the chromium was thus calculated from the dispersive curves and compared with results obtained with the conventional pulse-echo technique. (Table n The Knoop hardness in the laser ultrasonic column was calculated using the line fit shown in figure I. --------.!,, "--------------I 
-~,~S~--------------6~0~--------------~6~5----------------7~0--------------~7S

-~.~5~------------~6~0~--------------~6~5--------------~7~0~------------75
Tim (usee] Figure 8 Experimental signals obtained foe two different source-receiver separation distances, measured in a section of a steel tube, inside which chromium had been electroplated. 
CONCLUSIONS
In this work, we have shown that the analysis of the laser-generated dispersive acoustic waves propagating along the surface of chromium electroplated on steel and copper substrates, can be used for the characterization of the coatings. The description of the experimental setup and the computer analysis, as welI as experimental results wele given.
